ABSTRACT: Tenocytes express primary cilia, which elongate when tendon is maintained in the absence of biomechanical load. Previous work indicates differences in the morphology and metabolism of the tenocytes in the tendon fascicular matrix (FM) and the inter-fascicular matrix (IFM). This study tests the hypothesis that primary cilia in these two regions respond differently to stress deprivation and that this is associated with differences in the biomechanical degradation of the extracellular matrix. Rat tail tendon fascicles were examined over a 7-day period of either stress deprivation or static load. Seven days of stress deprivation induced cilia elongation in both regions. However, elongation was greater in the IFM compared to the FM. Stress deprivation also induced a loss of biomechanical integrity, primarily in the IFM. Static loading reduced both the biomechanical degradation and cilia elongation. The different responses to stress deprivation in the two tendon regions are likely to be important for the aetiology of tendinopathy. Furthermore, these data suggest that primary cilia elongate in response to biomechanical degradation rather than simply the removal of load. This response to degradation is likely to have important consequences for cilia signalling in tendon and as well as in other connective tissues. ß
Tendons perform the primary function of transferring force from muscle to bone, undergoing regular cyclic loading, and constant pre-stress as a result of muscle attachment. Tendons are easily injured and chronic tendon disease, known as tendinopathy, is both prevalent and poorly understood. Tendon has long been known to remodel its extracellular matrix (ECM) in response to changing loading conditions; behavior critical for tendon homeostasis and to retain normal function. 1 However, while external stimuli are essential for healthy tendon maintenance, alterations in loading are also thought to be a significant factor in the development of tendinopathy. Overload has been shown to generate a catabolic cellular response in tendon, 2 while the complete removal of external stress, known as stress deprivation or shielding, also results in degeneration of the tendon, including changes in collagen organization and mechanical properties similar to the effects of tendinopathy. [3] [4] [5] Stress deprivation in tendon can occur due to a number of different pathologies, such as tumors, infection, congenital deformities, degenerative diseases, and trauma. 6 It has also been hypothesized that the fibrillar micro damage resulting from overuse of tendon results in local areas of stress deprivation, and it is the subsequent stress deprivation conditions that are responsible for the development of tendinopathy. 7 Tendons are hierarchical structures, composed at the macroscale of collagen rich fascicles, bound together by a softer highly hydrated matrix called the endotenon or inter-fascicular matrix (IFM). Both the collagen rich fascicular matrix and the IFM contain tenocytes which synthesize and maintain the extracellular matrix. However, there are morphological and metabolic differences between the populations of cells in the IFM and FM, with rounder, more abundant and more active cells in the IFM. 2 In addition, work from our group has shown that cyclic overloading of tendon tissue results in increased expression of inflammatory markers and catabolic proteins such as MMPs in the cells of the IFM, when compared with those in the fascicular matrix. 8 However, differences between these regions have not been investigated under stress deprivation. Figure 1 shows a tendon fascicle in cross section.
Primary cilia are thin, non-motile, eukaryotic cellular organelles, which project out from the cell, with almost every cell in the human body containing a single cilium. 9 Primary cilia are composed of an array of nine microtubule doublets enclosed by a specialized cell membrane. 9, 10 The length of cilia and the proteomal content are tightly controlled by interflagellar transport and cilia are usually between 1 and 2 mm in length in fresh tendon. First observed by Kowalevsky 11 in 1867 primary cilia were mostly ignored for the next 100 years. 12 However, over the last 20-30 years a growing interest in their behavior has led to the discovery of their role in autosomal dominant polycystic kidney disease (ADPKD) and an increasing range of so called ciliopathies. 13 Primary cilia are now known to function as a hub for various signalling pathways including mechanotransduction, as well as many pathways whose receptors are localized in the cilium such as Wnt and Hedgehog signalling. [14] [15] [16] More recent studies have shown involvement in growth factor signalling, differentiation, and inflammation. 17, 18 These pathways are important for development as well as healthy cell and tissue function. 19 Although cilia have been identified in tendon and shown to elongate in response to stress deprivation, the mechanism responsible for elongation, and the further consequences, are still unclear. Furthermore, no previous studies have investigated primary cilia expression or response to stress deprivation in the different regions of the tendon. Therefore, the aim of this study was to investigate how stress deprivation affects primary cilia in the fascicular and inter-fascicular tendon matrix. We then evaluated whether changes in cilia are mediated by differential changes in the mechanical degradation in the two regions. Finally, we examined whether any localized changes in the cilia structure and tissue mechanics could be prevented by the application of static loading.
METHODS
Tendon fascicles were obtained from the tails of 200 g ($10-12 weeks old) female Sprague-Dawley rats, obtained from rats killed for unrelated purposes. Rats were euthanized by neck dislocation for extraction of dorsal root ganglia. Animal procedures were approved by the Animal Care Committee of Queen Mary, University of London, and the UK Home Office, and were in accordance with the UK Animals (Scientific Procedures) Act of 1986, and with the EU Directive 2010/63/ EU for the protection of animals used for scientific purposes. Fascicles were obtained by removing the skin of the proximal end of the tail, after which the tendon was cut at each end and the fascicles pulled out taking care to ensure that the IFM surrounding each fascicle was maintained. Fascicles in the rat tail are easy to distinguish and are usually organized in groups of 2-3 fascicles within a sheath.
Fascicles were used either immediately (fresh group) or incubated in DMEM with the addition of 1.85 g sodium bicarbonate per every 500 ml, 10% foetal calf serum, 2% HEPES buffer, 1%L-Glutamine, 1% non-essential amino acids, 96 mg/ml penicillin, and 96mg/ml streptomycin. Unless stated otherwise, fascicles were incubated for 7 days, either maintained unconstrained in media in individual wells (stress deprived group) or clamped at the fascicle ends and strained to 4% strain and held at this value in a custom built chamber (4% static strain group). 20 A figure showing a fascicle clamped in a chamber has been included in Supplementary Figure S1 .
Cilia Imaging
A total of 18 fascicles from three separate rats were prepared for each of the three test groups. After preparation, fascicles were fixed immediately in 100% methanol for 2 h at room temperature before washing in phosphate buffered saline (PBS) with 0.1% bovine serum albumin (BSA).
All antibodies were diluted in PBS with 0.1% BSA. Fascicles were incubated overnight at 4˚C with rabbit antiarl13b (1:100, Abcam, Cambridge, UK) to stain the cilia membrane, after which they were washed and then incubated for 1 h at room temperature with a 488 nm Alexa secondary antibody (1:1000, Molecular Probes, Invitrogen, Eugene, OR). Finally samples were washed prior to incubation with 4,6-diamidino-2-phenylindole for 5 min at room temperature (1:5000, Molecular Probes, Invitrogen). Fascicles were mounted under glass and confocal stack images were taken using a Leica Laser Scanning Confocal TCS SP2 with a 63Â oil immersion lens. Stacks were taken with slices 250 nm apart in the z direction through half the thickness of the fascicle at a pixel resolution of 116 Â 116 nm. Cilia lengths were measured in maximal projection using ImageJ. Since maximal projections underestimate cilia length due to their potential orientation out of the confocal plane the number of z slices in which the cilia was observed was counted and this was used to reconstruct the full cilia length using Equation 1. This equation assumes that the cilium length may be calculated as the hypotenuse of a triangle where the other two sides are the projected length in the xy plane and the vertical z distance between the base and the tip of the cilium. The latter is calculated based on the number of confocal xy sections in which the cilium appears multiplied by the z step size. In addition, the relatively poor z-resolution means that it is necessary to adjust this z distance by the limit of z-resolution. A schematic demonstrating this equation has been included in the Supplementary Figure S2 .
Where L is the length of the cilium in the maximal projection image; n is the number of sections in which the cilium was observed; Dz is the z step size (i.e., the distance between z sections); t is the thickness of the cilium which has been estimated at 0.2 mm 21 ; and dz is the limit of the z-resolution of the objective lens. The limit of resolution is based on the full width half maximum (FWHM) distance of the point spread function in the z direction and is approximately 0.5 mm for the Â63/0.95 NA objective used in these studies.
Time Course for Cilia Length Changes
The time frame over which cilia length changes occurred was also investigated. Twenty-four fascicles were dissected from a single tail. Six fascicles were prepared for imaging immediately with further groups of six fascicles first subjected to either, 6, 16, or 24 h stress deprivation prior to imaging. Each group was fixed, stained and imaged following the protocol previously described, and the data combined with that collected after 7 days stress deprivation from the previous experiment.
Fascicle and IFM Mechanics
Fascicle mechanics in the fresh, stress deprivation, and static strain groups were tested using a mechanical testing machine (ElectoPuls 1000; Instron, Canton, MA). Samples were prepared under each condition as previously described (n ¼ 8 fascicles per group). Fascicle diameter was measured using a laser micrometer (LSM 501; Mitutoyo, Kawasaki, Kanagawa, Japan) with the lowest diameter across the test length recorded. Fascicles were secured in pneumatic grips at a gripping pressure of 4 bar and a grip separation distance of 20 mm. A tare load of 0.1 N was applied to each sample, and the sample length established for strain calculations. Fascicles were preconditioned by applying 10 cycles between 0% and 4% strain at 1 Hz, followed by a strain to failure test at an extension rate of 1 mm/s. Quasi static failure properties were calculated from the extension to failure test and hysteresis and cyclic stress relaxation were calculated from the preconditioning cycles. Hysteresis was calculated for each cycle as the difference in area beneath the loading and unloading curve, while stress relaxation was calculated as the percentage reduction in peak stress from the first to the tenth cycle.
IFM mechanics were investigated using our previously described shear model. 22 Briefly, fascicles were dissected in attached pairs, and opposing ends of the two fascicles were cut at a separation of 20 mm, such that the only mechanism of transmitting force from one end of the sample to the other was through IFM shear. The opposing fascicle ends were then secured in the pneumatic grips and a 0.05 N tare load was applied to the samples. Samples were then strained to failure at 1 mm/s. Fresh and stress deprived groups were both tested (n ¼ 6 fascicles per group). However, it was not possible to test 4% statically strained IFM samples since clamping and holding the fascicle pairs under static strain during sample preparation caused the IFM to tear and the fascicles to separate. Therefore only the fresh and stress deprived test groups are reported.
Data Analysis
All data was assessed for normality with the Shapiro-Wilk test and then tested for significance with one tailed unpaired Student's t-tests. A full table of tests and conditions is included in Supplementary Figure S3 .
RESULTS

Cilia Length and Orientation
Representative images of FM and IFM cells in all three test conditions are shown in Figure 2a , from which mean cilia lengths were calculated (Fig. 2b) . Confirming previous work, cilia in stress deprived fascicles were shown to significantly increase in length. 23 However, data additionally showed that maintaining fascicles under static strain resulted in a significant reduction in cilia length relative to stress deprived tissue. Considering regional differences in cilia length, there was no significant difference in cilia length between IFM and FM cells in fresh samples. However, in the stress deprived tissue, IFM cell cilia almost trebled in length and were significantly longer than the cilia of fascicular cells. Maintaining the samples under 4% static strain for 7 days lead to significantly reduced length increase compared with the stress deprived tissue for both the IFM and FM cells. However, there was still a significant increase in cilia length in both groups relative to the fresh tissue.
In fresh FM cells, cilia were predominantly orientated in the direction of normal axial tendon loading, which has been previously observed. 24 However, there was no predominant orientation observed in IFM cells (Fig. 2c) . While there did appear to be some loss of alignment of FM cilia with stress deprivation, this was not significant (data not shown).
A time course was performed in order to gain some insights into potential lengthening mechanisms for the cilia of both regions (Fig. 3) . No increase in cilia length in either IFM or FM cells was observed after 6 h of stress deprivation. However, by 16 h, stress deprivation had led to a significant increase in cilia length in both the fascicular and IFM cells. Data indicates that the increase in FM cell cilia length occurred gradually over the time course, while the majority of the IFM cell cilia length increase occurred after 24 h. Figure 4a shows representative preconditioning loops for fresh, stress deprived, and 4% static strain fascicles, from which hysteresis and stress relaxation were calculated. Hysteresis in cycle 1 is significantly higher in the stress deprived fascicles than in the other two conditions (Fig. 4b) . Furthermore, stress relaxation over the 10 cycles was significantly higher in the stress deprived fascicles than in either of the other two conditions (Fig. 4c) . However, a significant increase in stress relaxation was also seen in the 4% static strain condition relative to the fresh control.
Fascicle and IFM Mechanics
Quasi-static tests to failure of fascicles indicated little change in failure properties between test groups (Fig. 5) . While the failure stress was significantly reduced in stress deprived fascicles (Fig. 5d) , it is evident from the consistent failure force across groups (Fig. 5b) , that this was due to the increased fascicle diameter (Fig. 5c) and not a change in fascicle mechanics. However, failure strain was significantly higher in stress deprived fascicles compared with the other two conditions (Fig. 5e) .
Mechanical changes to the IFM with stress deprivation were also investigated using the IFM shear model described above. Mechanical integrity of the IFM was reduced to such an extent that preconditioning was not possible for the stress deprived samples. Therefore, all samples were only subjected to a quasi-static failure test, with typical curves shown in Figure 6a . After stress deprivation, the IFM fails at a significantly lower force, able to withstand only 50% of the failure force of fresh samples (Fig. 6b) . However, the effect on the IFM of static loading is not known.
DISCUSSION
It has been understood for some time that the tenocytes within functionally different tendons have different levels of metabolic activity. 25 However, recent work from our group has shown that within a single tendon there are also metabolic and morphological differences between the cells in the fascicular matrix (FM) and the inter-fasicular matrix (IFM). 22, 26, 27 These differences include increased metabolic activity in IFM cells, which have also been previously observed to be rounder and more numerous for a given area, a finding that was also observed during this study (Fig. S4) . 2, 8 It is likely the IFM cell population is heterogeneous, but may contain a sub-population of more metabolically active Tendon Derived Stem Cells (TDSCs). 28 This study is the first to show that the primary cilia response to stress deprivation is different in the interfascicular and fascicular matrix, and that this reflects differences in the biomechanical degradation of these regions. In particular, we show that stress deprivation causes greater elongation of the primary cilia in the inter-fascicular matrix associated with a greater loss of biomechanical integrity in this region.
In fresh tendon, primary cilia length was the same in both the inter-fascicular matrix (IFM) and the fascicular matrix (FM) with most cilia between 1 and 2 mm.We did not attempt to quantify cilia prevalence, as it is known that short cilia (<1 mm in length) are difficult to identify in intact tissue, such that population estimates of cilia length tendon to be biased towards longer cilia, and any attempt to quantify cilia prevalence is likely to produce an underestimate of the true prevalence, particularly for samples with shorter cilia. In the fascicular region, cilia were oriented in the direction of the long axis of the tendon, which is also the axis of applied mechanical load. By contrast, cilia in the inter-fascicular region were distributed with no specific orientation. These differences in cilia orientation may reflect the differences in the local strain environment of the cells. Alternatively, cilia orientation may be determined by the structural organization of the collagen matrix, as seen in previous studies, which have demonstrated that cilia alignment is associated with nanoscale topographical organization of the substrate. 29 Indeed, in agreement with previous studies, under stress deprivation the highly aligned cilia in fascicular cells appeared to become more randomly orientated, 30 potentially reflecting the loss of collagen organization typically reported with stress deprivation. 31 While it has been previously shown that tenocyte cilia lengthen under stress deprivation in the FM, we have shown for the first time that after 7 days of stress deprivation, cilia in the IFM show a significantly greater elongation; 151% compared to only 90% in the FM. The mechanism responsible for this cilia elongation is unclear, although there are many regulators of cilia length including actin tension, the availability of soluble tubulin and direct physical stimuli. 32, 33 Previous studies have reported that increased mechanical loading results in cilia shortening in chondrocytes via a mechanism involving the tubulin deacetylase, histone deacetylase 6 (HDAC6) 34 as also occurs in response to heat shock. 35 It is therefore possible that stress deprivation causes a reciprocal relationship, inhibiting the effect of HDAC6 thereby enabling cilia elongation.
Time course studies demonstrate that lengthening is not detectable until 16 h of stress deprivation, with the majority of elongation occurring beyond 24 h. This suggests that lengthening is not caused solely by the removal of mechanical load, since it has been previously demonstrated that cilia can disassemble or elongate within 3-6 h of the removal of strain or other physicochemical stimuli.
18,36,37 Therefore, we investigated whether cilia elongation was mediated by the upregulation of inflammatory cytokines such as IL-1b seen during tendon stress deprivation, 38 which have been shown to cause rapid primary cilia elongation in chondrocytes. 18 However, in the current study no significant cilia elongation was observed after 6 h of treatment with IL-1b in either the FM or IFM (Fig. S5) . Therefore it seems unlikely that IL-1b is directly responsible for the stress deprivation induced increase in cilia length. However, it may still be the case that other cytokines upregulated in stress deprivation may be responsible.
With our time course evidence suggesting that the length changes were not caused by direct changes in strain and, having shown stress deprivation does not induce IL-1 b, we next examined whether cilia elongation was associated with the biomechanical and structural degradation of the matrix, by quantifying the changes in mechanics in both regions during stress relaxation. The lower shear strength of the IFM in the rat tail compared to that seen in other more functionally loaded tendons, 27 does limit the applicability of the rat tail model for investigating IFM and FM mechanical changes. However, its extensive use over the last 50 years, and the importance of being able to prepare samples for both cilia imaging and mechanical characterization without dissection damage to either the IFM or FM makes it the most suitable model for this particular investigation. 39, 40 We found that the biomechanical properties of the IFM and the FM change differently under stress deprivation. In the FM, there was no loss in fascicular failure force although significant swelling of the fascicle occurred, which caused a reduction in failure stress due to increased cross sectional area. Swelling was probably also responsible for the increased failure strain and viscoelasticity of the fascicles, as more extensive fluid movement will increase the capacity for energy dissipation in the matrix during loading. 41 By contrast, much larger biomechanical changes were observed in the IFM where the failure force of the IFM in shear reduced significantly, by approximately 50%, after stress deprivation.
A number of previous studies, while not directly associating stress deprivation with IFM degradation, do strongly support such a finding. Stress deprivation has been shown to affect the transverse mechanical properties of tendon more substantially than the longitudinal properties 42 and also to affect whole tendon sections more than isolated fascicles, 43 pointing towards the greatest stress deprivation changes occurring in the matrix between fascicles. Further, stress deprivation has been shown to more adversely affected non-collagenous that collagenous matrix components, 44 which would also lead to a greater degeneration of the IFM, which is known to be proteoglycanrich. 26 Taken together, there is a clear correlation between biomechanical matrix degradation and the extent of primary cilia elongation. Thus, our data indicates that mechanical degradation of the ECM may directly contribute to the cilia elongation associated with stress deprivation. However, the precise pathways associating these parameters remain unclear. The matrix degradation occurring with stress deprivation is likely cell mediated. However, studies have reported some loss of mechanical properties even in acellular tendon samples subjected to stress deprivation. 45 While not directly influencing cilia length IL-1b may still play a role in directly initiating tendon mechanical degradation. Treatment using IL-1b antagonists slightly reduces the biomechanical degradation of whole tendon samples during stress deprivation. 46 However, IL-1b antagonists did not significantly reduce degradation of individual fascicles, suggesting that IL-1b mediated degradation is primarily localized to the IFM. This correlates with studies showing that IL-6, MMP-3, and MMP-13 are all upregulated in response to tendon overload, but specifically in IFM cells, suggesting more pronounced metabolic changes are localized to the IFM region. 8 While the elongation of the cilia seems to be induced, at least in part, by matrix degradation, the consequences of this elongation are unclear. In other cell types, cilia elongation is associated with increased mechanotransduction, 47 reduced hedgehog signalling, 48 reduced Wnt signalling, 49 and increased inflammatory signalling. 16, 18, 50 As such, changes in cilia length caused by matrix degradation may subsequently influence cilia signalling pathways and further modulate the biomechanical degradation.
To further investigate the relationships between stress deprivation, matrix degeneration, and cilia lengthening, we attempted to prevent both the cilia elongation and biomechanical degradation by the application of a gross static strain over the same 7-day period. Unfortunately, it was not possible to test the mechanical properties of the statically strained IFM, since the process of clamping and statically straining two attached fascicles caused them to separate over the 7-day culture period.
However, maintaining the fascicles at 4% static strain was shown to minimize the biomechanical changes seen in the fascicles. Furthermore, static strain conditions significantly reduced the cilia elongation in both the FM and the IFM. This agrees with previous work that shows that tendon requires loading in order to properly function and that the loss of this stress causes tendon degradation. 3, 51 In summary, we show for the first time that tendon stress deprivation explicitly leads to greater mechanical degradation in the IFM compared with the FM and that this correlates with a greater increase in primary cilia length. We suggest that stress deprivation drives matrix catabolism, possibly partly through the upregulation of inflammatory signalling, and that the resulting biomechanical and structural degradation drives the primary cilia reorientation and elongation. The greater loss of biomechanical integrity with stress deprivation in the IFM is consistent with previous reports that the IFM turns over more rapidly than the FM in tendon 2 ; hence, any cellular remodelling is likely to occur faster in the IFM. Furthermore, increased expression of MMPs and inflammatory cytokines are seen localized to this region with loading, again indicating a more active cell population. 8 The reported differential changes in cilia structure following stress deprivation are likely to produce differences in cilia signalling which may further modulate the differential degradation between tendon regions. Such zonal changes in cilia structure and function may therefore have important consequences in the aetiology of tendinopathy. Furthermore, in other connective tissues such as ligaments, intervertebral disks, articular cartilage, or even blood vessels, similar biomechanical degradation induced by physicochemical or pathological stimuli may lead to similar alterations in primary cilia structure, thereby modulating cell behavior.
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